Input-output ͑I/O͒ functions for stimulus-frequency ͑SFOAE͒ and distortion-product ͑DPOAE͒ otoacoustic emissions were recorded in 30 normal-hearing adult ears using a nonlinear residual method. SFOAEs were recorded at half octaves from 500-8000 Hz in an L 1 ϭL 2 paradigm with L 2 ϭ0 to 85 dB SPL, and in a paradigm with L 1 fixed and L 2 varied. DPOAEs were elicited with primary levels of Kummer et al. ͓J. Acoust. Soc. Am. 103, 3431-3444 ͑1998͔͒ at f 2 frequencies of 2000 and 4000 Hz. Interpretable SFOAE responses were obtained from 1000-6000 Hz in the equal-level paradigm. SFOAE levels were larger than DPOAEs levels, signal-to-noise ratios were smaller, and I/O functions were less compressive. A two-slope model of SFOAE I/O functions predicted the low-level round-trip attenuation, the breakpoint between linearity and compression, and compressive slope. In ear but not coupler recordings, the noise at the SFOAE frequency increased with increasing level ͑above 60 dB SPL͒, whereas noise at adjacent frequencies did not. This suggests the existence of a source of signal-dependent noise producing cochlear variability, which is predicted to influence basilar-membrane motion and neural responses. A repeatable pattern of notched SFOAE I/O functions was present in some ears, and explained using a two-source mechanism of SFOAE generation.
I. INTRODUCTION
Evoked otoacoustic emissions ͑EOAEs͒ are biological responses to sound that are generated in the inner ear, travel back through the middle ear, and into the external ear canal where they are recorded ͑Kemp, 1978͒. In terms of stimulus protocol, EOAEs produced by continuous tonal stimuli fall into two main classes: ͑1͒ distortion-product otoacoustic emissions ͑DPOAE͒ and ͑2͒ stimulus-frequency otoacoustic emissions ͑SFOAE͒. DPOAE techniques use two sinusoidal tones of frequencies f 1 and f 2 as stimuli, and measure responses produced at distortion-product ͑DP͒ frequencies m f 1 ϩn f 2 ͑for nonzero integers m and n͒. SFOAE techniques use one or more sinusoidal tones as the stimulus set, and measure responses produced at the same probe frequency as one of the stimulus tones. DPOAEs represent nonlinear intermodulation distortion generated within the cochlea, and SFOAEs are thought to be a reflected component from the tonotopic site of the probe tone within the cochlea.
A study of EOAE response properties as a function of stimulus frequency and level may have relevance to other physiological and psychoacoustical studies of hearing. In particular, EOAE level as a function of stimulus level, expressed as an input-output ͑I/O͒ function, may be an analog to the basilar-membrane ͑BM͒ I/O function that is thought to influence such behavioral responses as loudness growth and masking. DPOAE I/O functions in normal-hearing and hearing-impaired human ears have been described in some detail, while studies of SFOAE I/O functions have been based on few subjects and a limited range of stimulus levels.
The research described in this report is concerned with the measurement of SFOAE I/O functions in normal-hearing adult ears over a broad range of stimulus frequencies and levels, comparisons with measurements of DPOAE I/O functions, and relationships between SFOAEs and models that incorporate features of BM mechanics. The remainder of this Introduction reviews literature on: ͑A͒ SFOAEs and aspects of DPOAEs relevant to this investigation, and ͑B͒ properties of mechanical measurements of BM response growth relevant to the interpretation of EOAE responses.
A. Review of SFOAE and other OAE types

Early studies of SFOAEs
If a sine tone is slowly swept in frequency at a fixed voltage level applied to the output transducer, the soundpressure level ͑SPL͒ in the ear canal plotted versus stimulus frequency has fine structure ͑i.e., sharp, closely spaced peak and valleys͒ in the response that cannot be attributed to the transducer, the ear canal, or the middle ear ͑Kemp, 1979; Wilson, 1980͒ . Cochlear reflection locations were considered as sources of the fine structure observed in the SPL spectra, and Kemp ͑1979͒ related this SFOAE fine structure to the microstructure in the behavioral audiogram. Zwicker and a͒ Schloth ͑1984͒ found that the minima in the fine structure of behavioral thresholds nearly coincided with maxima in the SFOAE fine structure in the same ear. SFOAE recording methods have taken advantage of the fact that SFOAE level grows less rapidly than the evoking stimulus level. Kemp and Chum ͑1980͒ used a vector subtraction technique based on ear-canal responses at high ͑70-80 dB SPL͒ and low ͑40 dB SPL͒ stimulus levels to separately measure the SFOAE as a nonlinear residual, based on the assumption that the SFOAE was negligible at high levels because it was suppressed by the stimulus. With this vector subtraction method, any distortion in the measurement system led to inaccuracies, and reduced the dynamic range of the SFOAE I/O function. Kemp and Brown ͑1983͒ used a difference technique to measure SFOAEs in an analog, swept-tone paradigm, in which the suppressor was 10 dB above the probe-tone level, and 100 Hz above the probe-tone frequency. This technique reduced the effect of distortion because the suppressor remained at moderate levels; however, there was no clear criterion for full suppression of the SFOAE.
Digital measurements of SFOAEs
Digital techniques do not necessarily solve the problems of distortion within the measurement transducers, but they do allow more complex signal processing. One way to reduce the amount of distortion associated with SFOAE recordings is to present a four-interval suppression method in which a continuous tone that elicits the SFOAE is suppressed by a pulsed tone ͑Kemp et al., 1990; Kemp, 1991, 1993; Souter, 1995͒ . The responses recorded in the ear canal are subtracted such that a ''residual'' contains only a nonlinear portion of the SFOAE response. The two primary stimuli, or tones f 1 and f 2 , are presented at levels L 1 and L 2 , and may be equal in frequency, in which case the SFOAE is recorded at the frequency of the primaries. Alternatively, SFOAEs may be elicited by primaries that have various f 2 / f 1 relationships ͑Kemp and Chum, 1980; Kemp, 1991, 1993; Souter, 1995͒ , with one of the primaries acting as a suppressor of the OAE recorded at the frequency of the other primary.
Another digital method to measure SFOAEs used a twointerval suppression method ͑Guinan, 1990; Dreisbach et al., 1998; Shera and Guinan, 1999͒ , which is a generalization of the analog difference technique. This difference method used a slightly lower or higher frequency tone to suppress the SFOAE recorded at a probe-tone frequency. The spectral difference at the probe frequency between the probe tone alone, and the probe tone plus the suppressor tone, corresponded to the SFOAE. Dreisbach et al. ͑1998͒ elicited SFOAEs in humans using suppressor tones that were 43 Hz below the probe-tone frequencies of 800 to 14 000 Hz, and were 15-20 dB above the probe-tone level. Shera and Guinan ͑1999͒ used a suppressor tone of 15 dB above the probe-tone level of 40 dB SPL, and 43.9 Hz above the probe-tone frequencies of approximately 1000 to 7000 Hz as shown in their Fig. 9 . Shera et al. ͑2002͒ used a similar method. In such SFOAE difference measurements it is unknown whether the SFOAE was partially or fully suppressed by the suppressor tone, but the restrictions to moderate-level probe tones and suppressor tones not more than 20 dB higher in level helped control against system distortion. A three-interval suppression method to measure continuous and gated OAEs ͑Keefe, 1998͒ was used in the research reported herein and is described in Sec. II.
Finally, a spectral decomposition method ͑Shera and Zweig, 1993; Kalluri and Shera, 2001͒ was based on the rate of phase change as a function of frequency, and was designed to study SFOAE fine structure. The components that varied slowly in phase as a function of frequency were separated by filtering from the components that varied rapidly, and the components that varied rapidly with phase were taken as the SFOAE.
Sources of SFOAEs and DPOAEs
SFOAE time delays calculated from the phase slope decrease with increasing frequency, and generally agree with time delays measured using tone-burst responses ͑Wilson, 1980; Souter, 1995͒ . This is consistent with the generation of SFOAEs near the tonotopic place of the stimulus frequency, so that the SFOAE latencies are equal to the round-trip latency to the tonotopic place. One possible mechanism for generating SFOAEs is the saturating nonlinearity in the BM impedance, which also is invoked for DPOAE generation. The same nonlinearity could act on a single primary and produce a zero-order DP in the sense that the output of a nonlinear function at frequency f would include nonlinear components at the same frequency f ͑Brass and Kemp, 1993͒ . Two problems with this nonlinear-distortion model have been described: ͑1͒ SFOAEs have linear growth at low levels, which suggests a linear mechanism predominates at low levels, and ͑2͒ the latencies of SFOAEs predicted from this model are much shorter than are observed ͑Strube, 1989; Zweig and Shera, 1995; Shera and Guinan, 1999͒. To resolve these problems, Zweig and Shera ͑1995͒ proposed a source mechanism for SFOAEs ͑and CEOAEs͒ based on a linear coherent reflection from distributed inhomogeneities along the BM, which might arise from irregularities in outer hair cell ͑OHC͒ patterns. Although SFOAE latencies in gerbil have long latencies at low stimulus levels, consistent with the linear reflection theory, a short-latency SFOAE has been observed in gerbil at higher stimulus levels ͑Kemp and Brown, 1983͒. Such a short-latency SFOAE is consistent with the nonlinear-distortion model.
A model of DPOAE generation includes both the linear coherent reflection mechanism and the nonlinear-distortion mechanism with either long or short latencies depending on which source mechanism is dominant ͑Kalluri and Shera, 2001; Knight and Kemp, 2001͒ . The component near the f 2 place when f 2 / f 1 is greater than 1.1 is referred to as the ''wave-fixed'' ͑Knight and Kemp, 2001͒, ''low-latency'' ͑Kemp, 1986͒, or ''distortion-emission'' ͑Shera and Guinan, 1999͒ , and it is generated by nonlinearity of the cochlear mechanics. The component from the place of the DPOAE frequency is the ''place-fixed '' ͑Kemp, 1986; Knight and Kemp, 2001͒ or ''reflection-source'' emission ͑Shera and Guinan, 1999͒, and it is generated by reflection of energy from a fixed point on the BM. SFOAEs also have been described as a mixture of both place-fixed and wave-fixed sources at higher stimulus levels ͑Talmadge et al., 2000͒, so it may be more a matter that: ͑1͒ the place-fixed and wavefixed source regions are closer for SFOAEs at a particular stimulus frequency than for DPOAEs, and ͑2͒ the place-fixed region is dominant for SFOAEs at low levels, whereas the wave-fixed region must generate a DPOAE at any level before it can propagate to the place-fixed region and generate a SFOAE to mix with the wave-fixed component.
B. Relationship of BM response growth to behavioral measurements and EOAEs
Direct recordings from the BM ͑Rhode, 1971; Sellick et al., 1982; Robles et al., 1986; Ruggero et al., 1997; Rhode and Recio, 2000͒ and derivations from eighth-nerve rateintensity functions ͑Yates et al., 1990͒ in animal models have revealed a nonlinear, compressive growth of BM displacement or velocity with increases in stimulus level when the frequency of the stimulus corresponds to the tonotopic location along the BM at which the response is recorded ͑i.e., the characteristic frequency, or CF͒. The BM I/O function has a lower-level linear region, and then a more compressive region ͑with slope approximately 0.2͒ above some transition region ͑Yates et al Ruggero et al., 1997͒. Response growth becomes more linear with damage to the cochlea or death of the experimental animal ͑Sellick et al., 1982; Robles et al., 1986; Ruggero and Rich, 1991; Ruggero et al., 1997͒ , and when the frequency of the stimulus is above or below CF in a healthy cochlea ͑Rhode, 1971; Sellick et al., 1982; Robles et al., 1986; Ruggero et al., 1997; Rhode and Recio, 2000͒ . This nonlinear response growth of the BM has been attributed to OHC functioning ͑Ruggero, 1992; Rhode and Recio, 2000͒. For an extensive review of this topic, see Robles and Ruggero ͑2001͒.
The BM compressive nonlinearity may underlie patterns of results observed in various psychoacoustic paradigms, including intensity difference limens Baer et al., 2001͒, forward masking ͑Oxenham and Plack, 1997; Plack and Oxenham, 1998; Plack, 2000͒, and loudness growth ͑Yates et al., 1990; Moore and Glasberg, 1997; Schlauch et al., 1998͒ . These functions change in listeners with hearing loss, presumably due to loss of the nonlinearity ͑Moore and Oxenham, 1998͒. Because direct BM recordings cannot be performed in human listeners, some authors have attempted to use behavioral methods to estimate or derive BM I/O functions ͑Oxenham and Plack, 1997; Schlauch et al., 1998͒. However, these behavioral studies can require extended test time and a great deal of attention and cooperation from the listener, and the links between physiology and behavior are indirect.
Another approach may be to use OAE I/O functions as a link between the BM response growth and patterns of results observed in psychoacoustic measurements. If OAE I/O functions are related to BM response growth, they might be used to predict behavioral results that reflect this characteristic. This would be particularly useful for individuals who cannot respond to more demanding behavioral tasks ͑Buus et al.,
2001
; Dorn et al., 2001͒ . The first step in this approach is to study the relationship between OAE I/O functions and BM response growth. DPOAE I/O functions have been reported by several investigators ͑Lonsbury- Martin et al., 1990; Gorga et al., 1994; Whitehead et al., 1995; Kummer et al., 1998; Withnell and Yates, 1998; Buus et al., 2001; Dorn et al., 2001͒ . Withnell and Yates ͑1998͒, for example, recorded DPOAE I/O functions in guinea pigs that were comparable in form to the BM I/O functions reported in the literature. Their DPOAE I/O functions were characterized by an approximately linear slope at low stimulus levels, a breakpoint of 22 to 33 dB SPL, and an upper slope of 0.14 to 0.27 dB/dB. Results from DPOAE I/O function studies in humans demonstrate a compressive, nonlinear growth in ears with normal hearing, similar to BM recordings with stimulus frequencies at CF ͑e.g., Dorn et al., 2001͒ . Also similar to the BM recordings, ears with hearing loss have more nearly linear DPOAE I/O functions or higher thresholds with steeper growth at moderate stimulus levels ͑Kummer et Dorn et al., 2001͒. SFOAEs may provide a more localized picture of nonlinear response growth because DPOAEs have multiple generator sites, whereas SFOAEs may have a more restricted place of generation ͑e.g., Brass and Kemp, 1993͒ . Zwicker and Schloth ͑1984͒ demonstrated that SFOAE level grows linearly with increasing stimulus level up to approximately 20-dB sensation level in normal-hearing adult ears. Wilson ͑1980͒ reported compressive I/O functions at moderate levels in two subjects. Brass and Kemp ͑1991͒ reported I/O functions obtained with equal-frequency primaries of 1599 Hz in one subject, with one primary fixed at levels ranging from 40 to 60 dB SPL and the other primary varied by Ϫ9 to ϩ15 dB around the fixed level. The SFOAE was recorded in the channel of the fixed-level primary as a function of the variedlevel primary. Their I/O functions had linear growth at lower levels and more compressive growth at higher levels. Brass and Kemp ͑1993͒ later obtained another set of compressive SFOAE I/O functions from three normal-hearing adults.
Existing reports of SFOAE I/O functions have been based on measurements in a sparse number of ears over a modest range of frequencies and levels. While the theoretical issues separating SFOAE and DPOAE mechanisms have been elucidated by SFOAE latency measurements at low levels, and by a large number of DPOAE studies, the problem of SFOAE generation at higher stimulus levels has rarely been systematically studied. The goals of the current study were to: ͑A͒ measure SFOAE I/O functions in a population of normal-hearing ears using a wide range of stimulus levels at select frequencies; ͑B͒ compare SFOAE I/O functions to DPOAE I/O functions; ͑C͒ confirm the biological origin of SFOAEs by accompanying measurements of distortion and noise in a test cavity; ͑D͒ characterize the distortion in ears with cochlear implants in which a biological response would not be expected; ͑E͒ demonstrate the repeatability of the responses; ͑F͒ characterize the difference in noise variance as a function of level between SF and DP conditions; ͑G͒ examine novel features found in individual I/O functions; and ͑H͒ fit the measured SFOAE I/O function to a two-slope model of SFOAE response growth. Goals A, B, C, and D are ad-dressed in experiment 1, goals E, F, and G are addressed in experiment 2, and goal H is addressed in the Discussion.
II. THEORY UNDERLYING MEASUREMENTS
The OAE measurements reported in this study were measured using a double-evoked ͑2E͒ method, which uses a three-interval paradigm, and an analysis that yields a nonlinear, residual OAE response. In the first interval, a stimulus s 1 is output by a digital-to-analog converter ͑DAC͒ channel 1, and DAC channel 2 outputs zeros. The pressure response measured by the microphone in this interval is p 1 . In the second interval, a stimulus s 2 is output by DAC channel 2, and DAC channel 1 outputs zeros. The pressure response in this interval is p 2 . In the third interval, the stimulus s 1 is output by DAC channel 1, s 2 is output by DAC channel 2, and the pressure response is p 12 . The 2E OAE waveform response p d ͓n͔ ͑also termed the distortion waveform͒ is written as an explicit function of the discrete time step n by
The three stimuli satisfy 0ϭs 1 ͓n͔ϩs 2 ͓n͔Ϫs 12 ͓n͔. ͑2͒
For present purposes, assume system distortion and noise to be negligible. In the absence of OAEs, the measured stimulus pressure response to s 1 ͓n͔ is q 1 ͓n͔, to s 2 ͓n͔ is q 2 ͓n͔, and to s 12 ͓n͔ is q 12 ͓n͔. These pressure responses are linear so that 0ϭq 1 ͓n͔ϩq 2 ͓n͔Ϫq 12 ͓n͔. ͑3͒
Including OAE contributions and omitting the implied time dependence, the total first-component pressure p 1 includes the sum of the stimulus response and the total OAE p oae (q 1 ), i.e., p 1 ϭq 1 ϩp oae (q 1 ), in which the OAE pressure varies in general with the level and phase of q 1 . The total pressures p 2 and p 12 have similar forms. It follows that
If q 1 and q 2 are each a sine tone of the same frequency Keefe et al., 1999; Keefe et al., 2001 Keefe et al., , 2003 Konrad-Martin et al., 2002; Schairer and Keefe, 2002͒ .
A fixed-L 1 protocol has L 1 fixed at a high level on the saturating part of the I/O curve, and varies L 2 , under the constraint that L 2 does not exceed L 1 . If L 1 is sufficiently large that the SFOAE is approximately fully saturated, then the SFOAE at L 12 , which is slightly higher than L 1 , is also saturated. It follows that the measured distortion approximates the total SFOAE at L 2 : p d ϭp oae (q 2 ). In practical measurements, this prediction was not confirmed because the noise produced by the large L 1 was often high in level, contradicting the assumption of low noise. Some typical results are considered in the Discussion section. This fixed-L 1 protocol has been further explored in a subsequent study in which f 1 and f 2 differ, with f 1 as the suppressor of the SFOAE at f 2 ͑Schairer and Keefe, 2002͒.
An equal-level protocol is used in most of the results reported herein such that L 1 ϭL 2 , or q 1 ϭq 2 ϭq, and q 12 ϭ2q. Note that the two loudspeakers used in the study to produce the stimulus waveforms q 1 and q 2 were sufficiently well matched in amplitude and phase that q 1 and q 2 were essentially equal whenever their inputs s 1 and s 2 were equal.
It follows from Eq. ͑4͒ that the measured distortion in the equal-level protocol is
If the SFOAE saturates at L 1 , then it also saturates at L 12 ϭL 1 ϩ6 dB, so that p d ϭ p oae (q). In the low-level regime for which SFOAEs are described as a linear response, then the equal-level protocol measures two signals that would exactly cancel (p d ϭ0), while the fixed-L 1 paradigm would extract the low-level SFOAE if the noise were sufficiently small. The coherent reflection emission theory of SFOAE generation was formulated for sufficiently low levels that the SFOAE varies linearly with stimulus level. It is expressed by ͑Zweig and Shera, 1995͒
in which upper-case letters denote spectral variables defined in the frequency domain, e.g., Q is the discrete Fourier transform ͑DFT͒ of the waveform q, and P oae is the DFT of p oae . The index corresponding to the center frequency is omitted from all spectral variables. The DFT of each of Eqs. ͑1͒-͑5͒ is well defined, e.g., Eq. ͑5͒ in the frequency domain is expressed as P d (Q)ϭ2 P oae (Q)Ϫ P oae (2Q). The amplitude of the complex attenuation function A in Eq. ͑6͒ is the ratio of the SFOAE to the incident pressure amplitudes, and its phase is essentially the round-trip delay from ear canal to cochlear source location near the tonotopic place. It is related to the forward middle-ear ͑pressure͒ transmittance T ϩ , the reverse middle-ear transmittance T Ϫ , the forward middle-ear reflectance R ϩ , the reverse middle-ear reflectance R Ϫ , and the apical reflectance R that describes the ratio of incoming to outgoing cochlear traveling wave near the basal end of the cochlea by
͑7͒
The forward middle-ear transmittance and reflectance are referenced to a measurement location at the probe microphone in the ear canal. The term M in the equation on the left depends only on ear-canal and middle-ear dynamics, and its numerator is the round-trip transfer function for middle-ear pressure transmission. The term M in the equation on the right depends on cochlear mechanics; its numerator is the apical cochlear reflectance and the denominator describes round-trip internal reflections between tonotopic place and the basal end of the cochlea, which is terminated by the reverse middle-ear reflectance. An alternative model posits that the SFOAEs are produced by nonlinear distortion within the cochlea ͑Brass and Kemp, 1993͒. While this mechanism should vanish in the low-level regime in which the cochlear response is linear, it is possible that it may contribute to moderate or high-level SFOAEs. There is some evidence for such a two-source model of SFOAE generation in gerbil ͑Kemp and Brown, 1983͒, but no evidence was found in human responses. While the reflection emission is differentiated by its long latency from the nonlinear-distortion with its short latency ͑Strube, 1989͒, it is useful to regard each component as a complex phasor so that there can be constructive or destructive interference between the components as frequency or level are varied. Varying frequency at a fixed level allows the examination of SFOAE fine structure as a function of level, as modeled by Talmadge et al. ͑2000͒ . Varying level at a fixed frequency allows the examination of SFOAE I/O functions as a function of frequency, which is the approach used in the present study. Although an I/O function would be recovered if various fixed levels were used in methods such as that of Shera and Zweig ͑1993͒ that reveal fine structure, the goal of the current study was to focus on characterizing the level dependence of the responses at select frequencies rather than across a large range of closely spaced frequencies. In either approach, it is possible that the reflection emission and nonlinear-distortion mechanisms would exhibit destructive interference as stimulus amplitude is varied. Such destructive interference would produce a local minimum in the I/O function and provide evidence for two sources for SFOAE generation. Any constructive interference would be difficult to differentiate from a single-source mechanism, except perhaps in terms of a stronger variation of latency with stimulus level than might be expected based on the linear coherent reflection emission theory alone.
In experiment 1, I/O functions were measured in the ears of 30 normal-hearing subjects for the condition in which L 1 ϭL 2 and f 1 ϭ f 2 . SFOAE I/O functions were compared with predictions from the model and with DPOAE I/O functions. The distortion of the system was measured with the probe inserted into a coupler, and in two patients with cochlear implants to evaluate the degree of separation of biological responses from nonbiological distortion. The final protocol was presented to four of the original subjects from the left-ear data collection group in order to examine overall repeatability in experiment 2. Level-dependent ''notches'' in the SFOAE I/O function were observed in some subjects in experiment 1, and the repeatability of these notches was studied in experiment 2 using stimulus levels with finer spacing. It should be noted that there are two types of measured ''noise'' described in the results. The noise calculated in the 2E method is a measure of the variability of the responses. ''On-band'' noise or variability is calculated in the bin in which the response is measured, and ''off-band noise'' is the average in the adjacent frequency bins above and below the on-band frequency. The difference between on-and off-band noise was further investigated in experiment 2. Unless otherwise specified in the text and figure captions, the noise reported is on-band noise.
III. EXPERIMENT 1
A. Subjects
Subjects with normal hearing
Thirty adults with normal hearing were recruited from a local university and from the clinical staff in our audiology clinic. Data were collected in 15 left ears and 15 right ears. All subjects were informed of the procedures and purpose of the study and signed a consent form prior to participation. Summary demographic data are displayed in Table I . The range of ages was restricted between 18 and 35 years in order to avoid any decrease in EOAE amplitudes that might be associated with older age groups, particularly at higher stimulus frequencies, at least for DPOAEs ͑Lonsbury- Martin et al., 1991; Dorn et al., 1998͒ . An attempt was made to balance the numbers of males and females in right and left ear groups; however, there was a reduced representation from male volunteers due to difficulties in recruiting. Hearing was screened at audiometric test frequencies of 250 to 8000 Hz in both ears using conventional procedures and a GSI-16 or GSI-61 clinical audiometer. Subjects were included in the normal-hearing group if their bilateral thresholds were at or better than 15 dB HL at audiometric test frequencies. Middle-ear function was assessed using a GSI-37 Auto Tymp screener or a GSI-33 middle-ear analyzer and a 226-Hz probe tone. Subjects were included in the study if middle-ear functioning of the test ear was normal, as defined in this study by static pressure between Ϫ100 and ϩ50 daPa, and static admittance between 0.2 and 2.5 mmhos.
Subjects were seated in a comfortable chair in a soundattenuated booth during OAE testing. They were allowed to remain awake and quietly read, or to sleep during data collection. The time to collect all data, including the hearing screening and tympanogram, was limited to approximately 2 to 2 1/2 h. No prior training was provided for the subjects.
Subjects with cochlear implants
Two subjects with cochlear implants were recruited from our clinic population. Subject C01 was a 48-year-old male with cochlear implants in both ears. Both of C01's ears were tested in two test sessions. Subject C02 was a 46-year-old female who had a cochlear implant in her right ear, and wore a hearing aid on her left ear. Subject C02's implanted ear was tested in one test session. For both subjects, the cochlear implant processor was turned off and removed from the test ear during OAE recording. Subject C02 was allowed to keep amplification on the nontest ear during the test. The middle- ear analysis and criteria were the same as for the normalhearing group.
B. Stimulus generation and OAE recording
Stimulus generation and data acquisition were under the control of a custom software program. The DAC and analogto-digital conversions ͑ADC͒ were accomplished with a 24-bit Card Deluxe sound card ͑Digital Audio Labs͒ using a sample rate of 22 050 Hz. An Etymotic ER-10C low noise probe microphone and receiver system was used with a modification to provide an extended 20-dB range of output to each receiver. Two channels of DAC stimuli were delivered to separate receiver ports of the probe. The probe assembly was coupled to the ear canal using Etymotic foam probe tips. The microphone of the probe assembly recorded the soundpressure signal in the ear canal, which was high-pass filtered with a cutoff frequency of 450 Hz ͑Krohn-Hite model 3343, analog-signal filter͒. The high-pass filter was used to attenuate low-frequency responses that would otherwise degrade the artifact rejection algorithm. The filtered microphone signal was sampled by the ADC.
In this implementation of the 2E OAE method, the elementary stimulus s 1 of buffer length Nϭ512 samples and duration 23.2 ms was a sine tone at frequency f 1 and level L 1 . The elementary stimulus s 2 of buffer length N was a sine tone at frequency f 2 and level L 2 . The total stimulus buffer of buffer length 15*N consisted of 5 repetitions of s 1 in DAC channel 1 and zeros in DAC channel 2, followed by 5 repetitions of s 2 in DAC channel 2 and zeros in DAC channel 1, and followed by 5 repetitions each of s 1 in DAC channel 1 and s 2 in DAC channel 2. The corresponding total response buffer consisted of five repetitions each of p 1 , p 2 , and p 12 , in which p 12 was the response to the joint presentation of s 1 and s 2 . Such responses were contaminated by transients in the transitions between the sets of repetitions of p 1 and p 2 , between sets of p 2 and p 12 , and between sets of p 12 and p 1 ͑the latter from the beginning of the next presentation of the stimulus set͒. These transients were excluded by discarding the first of the five repetitions of each elementary response. Thus, each response buffer provided four repetitions of each of p 1 , p 2 , and p 12 for subsequent analyses ͑a pilot study that varied the number of discarded buffers is described in the Discussion section, which demonstrates that the above discard rule eliminated significant artifacts associated with transient-evoked OAEs͒. Successive total response buffers were recorded and temporarily stored for the artifact rejection test.
The artifact rejection test was designed to detect and reject data buffers that were contaminated by intermittent noise, and was based on comparing a previous valid response buffer to the current response buffer using a test of dissimilarity. At the beginning of data acquisition, the software acquired two response buffers before conducting the first artifact rejection test, and the initially recorded response served as the initial ''previous'' buffer. The time-domain test of dissimilarity was based on a threshold value of the maximum absolute difference in the previous and current buffers across all samples in the buffers ͑Keefe and Ling, 1998͒. If the current buffer was valid, it became the new previous valid buffer in the next artifact rejection test. After a first fail ͑at startup or following one or more valid tests͒, a new current buffer was compared to the previous valid buffer. If artifact rejection failed a second time in succession, the second invalid buffer was used as the new previous buffer for subsequent tests. This allowed the artifact rejection test to adapt to slight changes in physiological status during data acquisition by updating the contents of the previous buffer only after two successive fails.
Each valid total response buffer was successively stored in one of eight storage locations. A total of 32 valid buffers was stored, with 4 time averages per storage location. This provided 32 repetitions overall of p 1 , p 2 , and p 12 at each stimulus level of the I/O functions ͑4 repetitions within each total response buffer in each of 8 storage locations, with each time average of 4 responses͒. For each of the 32 sets of repetitions, a corresponding 2E waveform p d was calculated using Eq. ͑1͒. A N-sample DFT was calculated for p 1 , p 2 , p 12 , and p d for each repetition. The mean and noise SPLs were calculated in accordance with procedures described n the Appendix. The noise SPL was based on the standard error of the mean of the 32 responses measured in each spectral bin.
C. Stimulus conditions
DPOAEs were elicited using f 2 frequencies of approximately 2000 and 4000 Hz with an f 2 / f 1 of 1.21. In subjects with normal hearing, L 2 levels for the DPOAE conditions were presented in descending 5-dB steps from 85 dB SPL ͑left ear in nine subjects, and right ear in 15 subjects͒ or 75 dB SPL ͑left ear in six subjects͒ down to 0 dB SPL. For L 2 levels of 65 dB SPL and above, L 1 was set equal to L 2 . At each L 2 below 65 dB SPL, L 1 ϭ0.4L 2 ϩ39 dB ͑Kummer et al., 1998͒. It should be noted that in the Kummer et al. ͑1998͒ study the lowest L 2 presented was 20 dB SPL, whereas the lowest L 2 presented in the current study was 0 dB SPL. For our purposes, the Kummer et al. equation was used to select L 1 levels at each L 2 down to 0 dB SPL. As the stimulus conditions were refined for SFOAE data collection as described below, more time in a test session was available for data collection at the higher L 2 levels ͑80 and 85 dB SPL͒ in the DPOAE conditions. The six subjects who were presented with a maximum L 2 of 75 dB SPL in the left ear were tested earlier in the data collection process before the higher L 2 levels were added. For the subjects with cochlear implants, L 2 levels were presented in descending 5-dB steps from 85 to 0 dB SPL, with L 1 as described above.
SFOAEs were elicited with equal-frequency primaries at octave and half-octave frequencies from 500 to 8000 Hz. Left-ear data were collected first in the group of subjects with normal hearing, and during this first half of the data collection process, various protocol changes were made as difficulties with the recording parameters were resolved. For example, poor signal-to-noise levels ͑SNR͒ were observed across the I/O function for SFOAEs recorded with primaries of 500 and 8000 Hz, and these frequencies were removed from the protocol. As mentioned in Sec. II, a fixed-L 1 condition was also used in which L 1 was fixed at 75, 70, 65, or 60 dB SPL, and L 2 was varied below the fixed L 1 . This condition produced high signal-dependent noise levels at all L 2 levels, which resulted in poor SNRs, and it was eventually removed from the protocol on which summary results were based. Thus, the focus of the Results section is on the equal-level primary condition, and data from the fixed-level condition are presented only in Fig. 11 . In the L 1 ϭL 2 condition, the primaries were presented in descending 5-or 10-dB steps from an initial maximum level ͑70, 75, or 85 dB SPL͒ down to 0 dB SPL.
The final protocol consisted of the two DPOAE conditions ͑with f 2 frequencies of 2000 and 4000 Hz͒, and the SFOAE L 1 ϭL 2 conditions at octave and half-octave frequencies from 750 to 6000 Hz, with levels descending in 5-dB steps from 85 to 0 dB SPL. The final protocol was presented to two of the left ears and all 15 of the right ears in the group with normal hearing, and to both of the subjects with cochlear implants.
D. Coupler measurements
Distortion and noise were measured in a Brüel & Kjaer ear simulator type 4157 ͑also referred to as coupler͒ for each condition to assess measurement system distortion. Coupler measurements were recorded with the same stimulus generation and recording parameters as for biological measurements.
E. Results
Subjects with normal hearing
The numbers of ears ͑N͒ for each condition presented to the group with normal hearing are summarized in Table II . Some of the differences in N are due to test-time limitations before the protocol was finalized. The condition names refer to OAE type ͑DP or SF͒ and frequency, which is the f 2 frequency for DPOAEs. For example, SF6000 refers to the SFOAE condition with primaries of 6000 Hz, and DP2000 refers to a DPOAE condition with an f 2 of 2000 Hz.
a. Median DPOAE and SFOAE I/O functions.
Median DPOAE and SFOAE I/O functions for the right ear are displayed in Fig. 1 . The left-ear median responses were similar and are therefore not shown. It should be noted that although SFOAEs were elicited with L 1 ϭL 2 , responses are described as a function of L 2 in order to be consistent with the description of DPOAEs. No data are plotted at the highest L 2 of 85 dB SPL for the SF6000 condition, because the system was unable to produce this level in the coupler, possibly due to a standing-wave effect. A biological response is clearly separate from the noise level for all conditions, with the largest SNRs at moderate L 2 levels for SFOAEs and at moderate to high L 2 levels for DPOAEs. A small separation of the biological SFOAE response from the distortion in the coupler and noise in ears is identified at the highest L 2 levels ͑with the exception of the SF1500 and SF2000 conditions͒, but the SNR is much less than DPOAE SNR at these higher levels. There are two reasons for this difference. First, the distortion observed in the coupler is greater at the higher stimulus levels in the SFOAE conditions than for the higher stimulus levels in the DPOAE conditions. Second, in the SFOAE conditions, the noise levels in ears ͑but not the coupler͒ tend to increase with increases in L 2 across all frequencies, and tend to decrease with increases in frequency, particularly at low L 2 levels. A higher L 2 is required for the response to emerge from the noise for the lower ͑SF750͒ and higher ͑SF6000͒ frequency SFOAEs. DPOAE functions are lower in level than SFOAEs, and more compressive over the moderate level stimulus range. In general, SFOAEs recorded with the equal-level protocol tend to separate from the noise floor at higher input stimulus levels, have steeper growth, and achieve higher amplitudes than DPOAEs.
b. Individual DPOAE and SFOAE I/O functions. Some observations can be made concerning the I/O functions of individual subjects that are not reflected in the quantitative summary across subjects. Responses from individual subjects R11 and R08 are shown in Figs. 2 and 3, respectively. The first observation concerning subject R11 ͑Fig. 2͒ is the substantial SNR ͑12 dB͒ for the lowest stimulus level (L 2 ϭ0 dB SPL) in the DP4000 condition. This may be due to the presence of a spontaneous otoacoustic emission at the f 2 or 2 f 1 -f 2 frequency, although this cannot be verified because spontaneous emissions were not recorded. Among the notable differences in the individual responses, there is a clear separation between distortion and noise down to L 2 ϭ5 dB SPL in the SF3000 condition in Fig. 2 , but the response does not separate from the noise floor until L 2 ϭ35 dB SPL in Fig. 3 . The overall level of the SF2000 response is much lower in Fig. 2 than Fig. 3 , but the reverse is true for the SF4000 condition. The noise is higher for Fig. 3 in the SF3000 and SF4000 conditions, but this does not account for the smaller response amplitudes and higher thresholds. Finally, a feature that is observed in several SFOAE I/O functions is a level-dependent notch, such as that shown in the SF4000 condition in Fig. 2 ͑and present to a lesser extent in the SF2000, SF3000, and SF6000 conditions͒. These notches do not appear at the same frequencies or intensities in all subjects, and not all subjects have notches. The number of subjects who had notches in their I/O functions for each L 1 ϭL 2 , SFOAE condition was counted for the right-ear data set. A notch was defined as a 3-dB decrease in distortion in comparison to the preceding ͑i.e., lower͒ L 2 condition. Only decreases observed in the range including L 2 ϭ40 dB to 70 dB SPL were counted as notches in order to avoid confusion with the noise floor at low L 2 levels, and with rollover or a decrease in the response level at high L 2 levels. There were only two exceptions for which notches were identified at L 2 levels below 40 dB SPL, because the distortion in both cases at the notch was clearly separated from the noise floor. Four subjects ͑out of a total of 15 subjects͒ had notches that met the criteria in the SF750, SF1000, and SF3000 conditions, three subjects in the SF1500 and SF4000 conditions, two subjects in the SF2000 condition, and one subject in the SF6000 condition. The repeatability of notched I/O functions is addressed in experiment 2.
Subjects with cochlear implants
Measurements were made in ears with cochlear implants in order to compare with the biological origin of the responses from normal-hearing ears. Data from the ears with cochlear implants are compared in Fig. 4 with the right-ear 25th to 75th percentiles of signal and noise replotted from Fig. 1 . The right-ear responses were selected for comparison because they received the same final protocol as the ears with cochlear implants. Note that the range on the ordinate is greater in Fig. 4 to accommodate the larger range of responses.
In the DPOAE conditions ͑DP2000 and DP4000͒, there is a wide range of L 2 levels over which there is a separation between the distortion from ears with cochlear implants and 25th to 75th percentile of distortion from ears with normal hearing. The only exception is for subject C01's left ear at the highest L 2 levels for the DP2000 condition. The range of separation is much smaller in the SFOAE conditions. In general, the SFOAE distortion from the ears with cochlear implants tends to fall below the 25th percentile of distortion from ears with normal hearing at moderate L 2 levels, but overlap and in some cases exceed this range at higher L 2 levels. For frequencies of 1500 Hz and above, there is an overlap of the distortion from subject C02's ear and the ears with normal hearing from L 2 levels of approximately 65 dB SPL and above. In the SF6000 condition, C02's distortion falls within the range of distortion recorded from normal ears over most of the I/O range.
The SFOAE distortion in ears with cochlear implants exceeds the coupler distortion at 1500 and 2000 Hz, and less so at 3000 Hz. This suggests a biological origin for the SFOAE distortion in ears with cochlear implants, despite the fact that there is compelling evidence of pathology in OHC functioning.
IV. EXPERIMENT 2
A. Subjects and stimulus conditions
Signal-dependent SFOAE noise and overall repeatability
Four subjects were asked to return and were presented with the final protocol as described in experiment 1. The only difference between the original and repeat tests was that an analog high-pass filter was used for the original test, and a real-time digital high-pass filter was used for the repeat test. The digital filter had a similar transfer function to the analog filter. Digital filtering was performed prior to artifact rejection. The delay between the recording sessions for subjects L04 and L05 was approximately 1 month. There was approximately a 2-month delay for subject L09, and a 3-month delay for subject L03. Because these subjects were among the group of subjects tested early in the process, not all of the conditions originally presented were part of the protocol that was presented during the second visit, and not all of the conditions presented during the second visit were presented during the first visit. For responses that were measured using identical stimulus conditions, Pearson product moment correlations were calculated to compare on-band distortion, or the levels measured in the frequency bin of the OAE, between the two visits. The squared correlation (r 2 ) was the measure of repeatability.
It was noted earlier that the on-band noise increased as L 2 increased for SFOAEs, but not for DPOAEs. In addition to the test of repeatability, on-band and off-band noise was compared to determine whether the noise increased only in the on-band bin ͑i.e., in the frequency bin of the OAE͒, or whether it also increased in the off-band bins. An increase in noise in the off-band bins would be expected if the source of the noise were environmental or physiological, but unrelated For example, this subject has a large SNR at the lowest L 2 in the DP4000 condition, which was rarely observed in other subjects. This could be due to a spontaneous emission at the f 2 or 2 f 1 -f 2 frequency, but this cannot be verified in the current data. There also is a level-dependent notch in the SF4000 condition. Notches were often observed in individual I/O functions, but they did not appear at consistent stimulus frequencies or levels across subjects.
to the presentation of the sound stimuli ͑e.g., noise generated by the functioning of the circulatory or respiratory systems͒.
Notch repeatability
More detailed data collection around the notches observed in individual SFOAE I/O functions was completed in three of the subjects that had notches in the first recordings. The first recordings were completed using L 2 levels in 5-dB steps. For each subject in each SFOAE condition that demonstrated a notch, L 2 levels were presented in 2-dB steps over a Ϯ20 dB range around the level at which the notch occurred in the first recordings.
B. Results
Signal-dependent SFOAE noise
The variation in noise at and around the signal frequency is evident in the SFOAE spectrum recorded in one ear at 4000 Hz and at equal stimulus levels of 70 dB SPL ͑Fig. 5͒. Over a broad frequency range ͑left panel͒, the noise SPL based on the standard error of the mean ͑see the Appendix͒ is smoothly varying through the approximate midline of the off-band distortion SPL. This off-band distortion has larger fluctuations across frequency than does the off-band noise. The on-band noise ͑at 4000 Hz͒ is elevated above the offband noise, in this case by 13.8 dB. Given that the SFOAE SNR is conventionally defined as the level difference between signal and noise in the same frequency bin, it is clear that this signal-dependent elevation of noise reduces the apparent SNR by 13.8 dB. A definition of noise based on an average of off-frequency bins is a poor estimate of on-band noise associated with SFOAEs. Figure 6 shows a summary of responses from the two visits for L 2 levels of 75 to 5 dB SPL in 10-dB steps. Measures from the first and second visits are represented by filled and open symbols, respectively. On-band distortion ͑circles͒, i.e., the OAE signal level, shows good repeatability for the SF and DP conditions. On-band noise ͑squares͒ shows good repeatability, with the exception of a sharp increase in noise at L 2 ϭ50 dB SPL for run 2 for subject L05 in the SF4000 condition, and small differences across the moderate to high L 2 range in the SF4000 condition for subjects L03 and L09. Off-band noise ͑triangles͒ was highly repeatable and re- mained nearly constant and low in level throughout the I/O function for all SF and DP conditions. This is in contrast to the on-band noise, which increased with increases in L 2 for the SF conditions, but remained constant for the DP conditions.
Overall repeatability
Notch repeatability
Examples of notched I/O functions measured in subject R09 are displayed in Fig. 7 . A selected region around the notch area is shown for the original 5-dB step data ͑squares͒ FIG. 5. SFOAE and noise spectra for SF4000 condition at equal primary levels of 70 dB SPL over broad frequency range ͑left panel͒ and narrow frequency range ͑right panel͒ for subject R13. This figure demonstrates that the on-band noise ͑i.e., at the frequency at which the response is recorded͒ is elevated above the off-band noise ͑i.e., adjacent to the frequency at which the response is recorded͒. This occurs in SFOAEs, but not in DPOAEs or in responses recorded in the coupler. and for the 2-dB step data ͑triangles͒ obtained during the same visit. The 2-dB step recordings demonstrate the repeatability of the notch structure, both in the L 2 value at which the notch occurs and the depth of the notch. As expected, the notch is better defined in the smaller-step recording. For the SF1000 condition, the minimum of the notch in the 2-dB step recordings appears to be shifted slightly upwards on the L 2 axis by a smaller amount than the step size in the original data set. For the SF750 condition, the noise level is much higher across the I/O function in the first recording; however, the distortion levels between the two recordings demonstrate good repeatability. Based on the phase of P d for its waveform defined in Eq. ͑1͒, there also is a phase shift in the L 2 region of the level-dependent notch, and the amount of phase There was at least 1 month between visits. Plotting symbols are: on-band distortion ͑circles͒, on-band noise ͑squares͒, off-band noise ͑triangles͒. On-band noise is the noise SPL at the OAE frequency and off-band noise is the average noise SPL at the two adjacent frequencies above and below the OAE frequency.
Responses shown in rows 1-5 are for DP2000, DP4000, SF1000, SF2000, and SF4000 conditions. Responses shown in columns 1-4 are for subjects L03, L04, L05, and L09, respectively.
shift appears to be related to the depth of the notch. For example, there is approximately a 180°phase shift in the SF750 and SF1500 conditions in which there is a deep notch, but less of a phase shift in the SF1000 condition in which the notch is not as deep.
V. DISCUSSION
A. General form and comparison of IÕO functions in ears with normal hearing
Despite some methodological differences, the general form of the I/O functions for normal-hearing ears was similar to functions reported in the literature for SFOAEs with equal-frequency, equal-level primaries ͑e.g., Kemp, 1991, 1993͒ and DPOAEs using optimized primary level presentation with f 2 frequencies of 2000 and 4000 Hz ͑e.g., Dorn et al., 2001͒ . Brass and Kemp ͑1993͒ reported one of their subjects required 6 months of practice for monitoring probe placement and for maintaining an appropriate state during SFOAE data collection in order to produce smooth functions. However, the responses reported here showed good repeatability, despite the fact that the subjects did not receive instruction or practice in monitoring probe placement.
In the current data, the SF500 and SF750 conditions demonstrated the poorest SNR throughout the I/O range, and responses in the SF8000 condition were contaminated by excessive system distortion as measured in the test cavity through the mid-to high-L 2 range. The SF500 and SF8000 conditions were poor enough that they were excluded from further analyses. For the remaining SFOAE compared to DPOAE I/O functions, the equal-level, equal-frequency primary condition produced SFOAEs that had higher absolute SPLs but smaller SNR at moderate to high L 2 levels ͑Fig. 8͒. In the left ear, with the exception of the SF6000 condition, the SFOAE SPL exceeded the DPOAE SPL for stimulus levels of 50 dB SPL and higher ͑top left panel͒. However, the corresponding SNRs ͑bottom left panel͒ decrease sharply at higher stimulus levels for SFOAEs, while SNRs for DPOAEs remain high. This trend was similar for the rightear data. The smaller SNR for SFOAEs at high levels was due to increased noise in the ears and system distortion at higher levels in excess of that observed for DPOAEs. SFOAE I/O functions recorded using the equal-level, equalfrequency paradigm were steeper or more nearly linear than DPOAE I/O functions.
For clinically oriented SFOAE recordings intended to assess whether a response lies within a baseline range of responses in normal-functioning ears, the equal-level protocol at stimulus levels near 50 dB SPL may be of particular interest. This is because the SNR in a normal-functioning ear tends to be close to its maximum value at 50 dB SPL across all test frequencies.
The SFOAE and DPOAE I/O functions were fitted using a two-slope model in order to compare compression slopes, the breakpoint pressure at which compression became significant, and overall amplification. The data used in the parameter estimation were the right-ear median data in Fig. 1 ; however, only responses up to levels of 75 dB SPL were included. This was because some of the SFOAE data at higher levels were influenced by system distortion. The 15 responses comprising each OAE I/O function were specified at stimulus levels in the range 0-75 dB SPL at 5-dB increments. The model related the input pressure spectrum Q and output SFOAE pressure spectrum P oae at each frequency using the form
The average measured noise energy averaged over low levels up to 35 dB SPL was ͉N oae ͉ 2 . The three model parameters included the attenuation A 0 , the breakpoint pressure Q c , and the compressive slope c. Each parameter was real. At low stimulus levels (͉Q͉Ӷ͉Q c ͉) in the absence of noise, the FIG. 7 . Repeatability of notched SFOAE I/O functions for SF750, SF1000, and SF1500 conditions in the normal-hearing right ear of subject R09. Responses were obtained during the same visit with L 2 's in 5-dB steps ͑squares͒, as part of the general protocol, and in 2-dB steps ͑triangles͒ around the notch. Level is shown across the three conditions in the top row ͑filled symbolsϭdistortion, open symbolsϭon-band noise͒, and phase is shown in the bottom row. There is a phase shift in the L 2 region of the level-dependent notch, and the amount of phase shift appears to be related to the depth of the notch. For example, there is approximately a 180°phase shift in the SF750 and SF1500 conditions in which there is a deep notch, but less of a phase shift in the SF1000 condition in which the notch is not as deep.
model has linear growth, ͉P oae (Q)͉Ӎ͉A 0 Q͉. This is of the same form as the magnitude of Eq. ͑6͒ for the low-level prediction of the coherent reflection emission theory of SFOAEs. Thus, the resulting values of attenuation may be used to estimate the magnitude of the attenuation in Eq. ͑7͒. At high stimulus levels (͉Q͉ӷ͉Q c ͉) in the absence of noise, the model has a compressive slope, ͉P oae (Q)͉ Ӎ͉(A 0 Q c 1Ϫc )Q c ͉ for 0рcϽ1. The compression function in the denominator of the model has been used to fit BM I/O functions ͑Yates et al., 1990͒. The breakpoint pressure ͉Q͉ ϭ͉Q c ͉ is that pressure amplitude for which the response level ͑in the absence of noise͒ is reduced by 6c dB from the predicted linear-growth response. As discussed earlier, the SFOAE responses measured using the equal-level protocol eliminate the linear-growth component of the response, so that they are nonzero only at stimulus levels comparable to the level of the breakpoint pressure and above. Thus, the breakpoint pressure is operationally well defined in the measured data.
A somewhat similar model using a low-level linear slope and moderate-level compressive slope has been previously used to fit DPOAE I/O functions ͑Dorn et al., 2001͒. However, their compressive slope was in a function that differed slightly from that of Yates et al. ͑1990͒ , on which the present model is based. Dorn et al. represented the noise level as a parameter, while it is a measured input value in the present model. In order to fit DPOAE responses at f 2 frequencies of 2000 and 4000 Hz up to L 2 ϭ95 dB SPL, Dorn et al. included a high-level steeply sloping component that is omitted in the present analyses, which analyzed data only up to L 2 ϭ75 dB SPL.
The breakpoint pressure plays a different role in interpreting DPOAE and SFOAE responses, because the DPOAE is measured directly as the response to L 12 while the SFOAE is measured indirectly using Eq. ͑5͒. The latter procedure used the measured SFOAE I/O function ͉P d (Q)͉ obtained using the equal-level protocol, and the above model for the total SFOAE magnitude ͉P oae (Q)͉. This model form of ͉P oae (Q)͉ was substituted in Eq. ͑5͒ to calculate a predicted ͉P d (Q)͉. The parameters were calculated using a leastsquares predictor function lsqcurvefit from the MATLAB Optimization Toolkit.
The SFOAE and DPOAE I/O function data and model predictions are shown in Fig. 9 and the estimated model parameters are listed in Table IV . The SFOAE solid lines in Fig. 9 are the predictions of the 2E measurements in noise using the equal-level protocol. The SFOAE model parameters are those for the total SFOAE amplitude ͉P oae (Q)͉, and this predicted function ͑as SPL͒ is plotted in dashed lines on the SFOAE panels of Fig. 9 . This is the I/O function of the underlying total SFOAE produced by a single sine tone.
The model predictions ͑solid lines͒ have adequate agreement with the measured data ͑symbols͒. The DPOAE I/O functions are more compressive than the SFOAE I/O functions, and their slopes ͑approximately 0.3 dB/dB in Table IV͒ are similar to those reported by Dorn et al. ͑2001͒. The attenuation level is approximately Ϫ30 dB for each of the DPOAE responses, while the DPOAE at 4000 Hz has a breakpoint pressure level that is 5.4 dB higher than that at 2000 Hz.
For SFOAEs, the breakpoint pressure sets the threshold of the onset of nonlinearity in the I/O function, and the breakpoint pressure level is approximately 19 dB higher for the SFOAE at 2000 Hz compared to SFOAEs at 1000 and 4000 Hz ͑Table IV͒, i.e., there is an SFOAE minimum at 2000 Hz relative to 1000 and 4000 Hz. The tabulated breakpoint-pressure levels are consistent with the plotted FIG. 8 . Median distortion level ͑top row͒ and SNR ͑bottom row͒ versus L 2 from left ears ͑left column͒ and right ears ͑right column͒ with OAE condition as the parameter. DPOAE conditions are identified by f 2 frequency and labeled by filled squares and circles, and SFOAE conditions are identified by stimulus frequency and labeled by nonfilled symbols as indicated in the legend. The right-ear responses are the same medians shown in Fig. 1 . The N for each condition is listed in Table II for both ears. In general, the equal-level, equal-frequency primary condition produced SFOAEs that had higher absolute SPLs, but smaller SNRs at moderate to high L 2 levels than DPOAEs.
thresholds of the measured SFOAE I/O functions with respect to their noise levels.
The slopes of the SFOAE I/O function are compressive in the range of 0.44 -0.61 dB/dB. These exceed the compressive slopes of BM I/O functions that are in the range 0.20-0.25 ͑Yates et al., 1990͒. The BM nonlinearity represents forward propagation only from the ear canal to tonotopic place, whereas the SFOAE nonlinearity from the coherent emission viewpoint represents both forward and reverse propagation between ear canal and tonotopic place, as mediated by a spatial convolution of the traveling wave with the spatial wave numbers associated with distributed inhomogeneities. One possibility is that the round-trip propagation is associated with the approximate doubling of the slope of the SFOAE I/O function relative to that of the BM.
A minimum across frequency at 2000 Hz is also evident in the SFOAE attenuation level ͑Table IV͒, which has a depth of 10 to 14 dB compared to neighboring frequencies. The SFOAE attenuation levels may be interpreted in terms of the coherent reflection emission model, which predicts the values in Eq. ͑7͒. It is likely that median averaging tends to remove the influence of multiple internal reflections in this prediction. Moreover, the term 1ϩR ϩ in the denominator of Eq. ͑7͒ would not act to produce a minimum at 2000 Hz: it tends towards a minimum in the vicinity of a standing-wave frequency in the ear canal close to 6000 Hz. The remaining part of the predicted SFOAE attenuation, AϳT ϩ T Ϫ R, is relevant to explaining the minimum at 2000 Hz. This is the product of the forward and reverse middle-ear transmittance, and the cochlear reflectance. In particular, the round-trip middle-ear transfer function may control this minimum. DPOAE I/O functions have been used to estimate the spectral shapes of forward and reverse middle-ear transfer functions, and the estimated forward and reverse transfer functions have a minimum at 2000 Hz. Based on Fig. 8 of Keefe ͑2002͒, the sums of the relative levels of forward and reverse transfer functions are approximately 0, Ϫ15, and 4 dB at 1000, 2000, and 4000 Hz, respectively. Normalizing the SFOAE attenuation levels at 2000 and 4000 Hz to that at 1000 Hz in the data of Table IV, the relative attenuation levels are 0, Ϫ13.8, and Ϫ4.5 dB at 1000, 2000, and 4000 Hz, respectively. The round-trip middle-ear transfer is likely responsible for this minimum at 2000 Hz. The relative agreement between these predictions of relative attenuation is notable because they are based on unrelated predictive models and unrelated measurements ͑SFOAEs versus DPOAEs͒. The SFOAE model provides an absolute prediction in terms of the coherent reflection emission model, whereas the DPOAE model only predicts the relative levels; the SFOAE model makes no assumption concerning the existence of a scaling symmetry in the cochlea, whereas the DPOAE model is based on this assumption. However, the minimum in the attenuation level does not explain the more compressive slope of the SFOAE at 2000 Hz compared to the SFOAE I/O function slopes at 1000 and 4000 Hz.
One property of the present model is linear growth of the SFOAE at low levels, in agreement with the findings of Zwicker and Schloth ͑1984͒ and of Shera and Zweig ͑1993͒. This linear growth is also in agreement with the present data, in which the absence of a SFOAE residual at low stimulus levels provided evidence for linear growth. This is the case in the normal-ear responses in Fig. 1 up to stimulus SPLs equal to the breakpoint-pressure levels listed in Table IV . The model in Eq. ͑8͒ allows estimation of SFOAE properties in the linear-growth regime and thus a direct measurement of attenuation level, which is the only relevant coefficient at low levels. It would be useful in future research to obtain individual measurements, rather than population estimates, of the model parameters of SFOAE I/O functions, which would generalize the technique to individual ears. It also may be possible to include predictions of the phase of A 0 with which to predict the phase of A. This model may be testable in ears with mild conductive hearing loss that have detectable levels of SFOAEs. A limitation of the current SFOAE model is that it does not describe notched I/O functions that were observed in some subjects. These notched I/O functions are further described below.
B. IÕO functions in ears with cochlear implants
The measurements from ears with cochlear implants ͑Fig. 4͒ showed unexpectedly large distortion at stimulus levels at and above 60 dB SPL, in excess of the distortion observed in the coupler; in some cases, this distortion was in the range of SFOAE responses in ears with normal hearing. Dorn et al. ͑2001͒ demonstrated clear separation of DPOAE responses from ears with cochlear implants from ears with normal hearing across the I/O range for f 2 frequencies of 2000 and 4000 Hz ͑see their Fig. 2͒ . However, they noted that the distortion measured from ears with cochlear implants exceeded their predicted system distortion at L 1 ϭL 2 ϭ85 dB SPL for an f 2 of 4000 Hz. They suggested that this might have been due to system distortion, or to a biological source. Responses in the present study from ears with cochlear implants began to overlap with the range of responses from ears with normal hearing at L 2 ϭ85 dB SPL, which is consistent with the findings of Dorn et al. However, one outlier case is CO1's left ear in the DP2000 condition, which overlapped the range of responses from normal-hearing ears at L 2 ϭ75 dB SPL, and exceeded the range above that L 2 .
There are no data in the literature with which to compare the current measurements in ears with cochlear implants for the SFOAE conditions. For SFOAE conditions in the current study, distortion at high L 2 levels occurred in at least one ear with a cochlear implant at all frequencies but 750 Hz. This conclusion is based on whether the distortion in each ear with a cochlear implant exceeded the 25th percentile of the responses in normal-hearing subjects. For the SF6000 condition, measurements from C02's right ear were within the range of responses from normal-hearing ears throughout the I/O function. There are insufficient data to explain why the distortion from ears with cochlear implants exceeded the coupler measurements, or why it exceeded the responses from ears with normal hearing in some conditions. Possibilities include an unknown source of system distortion that has larger effects in ears than in the coupler, or a biological origin to the SFOAE responses in ears with cochlear implants.
Such an origin would not involve the OHC functioning that underlies the generation of SFOAEs at low and moderate levels in a normal-functioning cochlea, because ears with cochlear implants clearly lack normal OHC functioning. However, a reflected wave would be generated at high stimulus levels in an ear without normal OHC functioning, as long as there is some inhomogeneity in the stiffness-gradient properties of the BM associated with the cochlear map. Such an ear would lack the compressive slope in the SFOAEs of ears with normal-functioning OHCs. SFOAE I/O functions for the cochlear-implant ears have a less compressive slope than those for normal-hearing ears ͑compare Fig. 4 to Fig. 1͒ . Latency measurements would be helpful to sort out whether these SFOAE and high-level DPOAE responses in ears with cochlear implants are produced by middle-ear or cochlear nonlinearity, because a middle-ear or system nonlinearity would have a short latency compared to the normal roundtrip cochlear delay. More data are also needed on SFOAE I/O functions in ears with sensorineural hearing loss, but without cochlear implants, in order to better understand SFOAE source mechanisms in ears with cochlear pathology. The existing sparse data from such ears have been difficult to interpret ͑Konrad-Martin et al., 2002͒.
C. Repeatability
The r 2 values indicated good repeatability of the onband distortion for two runs of select conditions for the four returning normal-hearing subjects ͑Fig. 6͒. There was also repeatability of the pattern of the elevated on-band noise above the off-band noise in the SFOAEs, a pattern that is absent in DPOAEs. However, the SFOAE distortion I/O functions had better repeatability than the SFOAE on-band noise I/O functions, which suggests that whatever mechanism͑s͒ is producing the elevated on-band noise may be somewhat decoupled from the mechanisms producing the SFOAE distortion. In summary, DPOAE and SFOAE distortion are robust cochlear responses, and the overall patterns of on-band and off-band noise levels differ between DPOAEs and SFOAEs in a repeatable fashion.
D. Signal-dependent noise in SFOAE generation
The on-band noise SPL increased with increasing L 2 ͑above approximately 60 dB SPL͒ for SFOAEs, but not for DPOAEs. These patterns were generally observed in the median responses ͑Fig. 1͒ as well as in the individual responses ͑Figs. 2-3͒. The relative elevation of on-band to off-band noise SPL in the median data was 0 dB for the two DPOAE conditions, while the maximum elevation was approximately 30 dB across SFOAE conditions. A key result in interpreting this effect is that the corresponding on-band noise in the coupler ͑see Fig. 2 or the same data plotted in Fig. 3͒ was essentially constant with increasing L 2 up to L 2 ϭ80 dB SPL. At the highest L 2 tested ͑85 dB SPL͒, the onband coupler noise increased across various frequencies by 0-10 dB, but it was still lower than the on-band noise observed in the normal-hearing ears. Thus, the increased signaldependent SFOAE noise has a biological origin and is a large effect. Fig. 10 show the intersubject means and standard deviations of the distortion, onband noise, and off-band noise as functions of L 2 from 5 to 75 dB SPL in 10-dB increments for a subset of nine of 15 normal-hearing subjects with right-ear tests. This subset of subjects was chosen based on limitations of the underlying database; the remaining six right-ear responses were similar to those illustrated. Data at L 2 levels at 80 and 85 dB SPL were excluded because of some uncertainty regarding the presence of variability in system distortion. These mean OAE responses were similar to the median OAE responses in Fig. 1 . The DP2000 and DP4000 conditions show that onband and off-band noise levels were essentially constant and equal over all L 2 levels. The SFOAE off-band-noise level was nearly constant with L 2 for SF1000, SF2000, and SF4000 except for a slight growth of approximately 7 dB in SF2000 and SF4000 at the highest L 2 levels. The on-band noise SPL increased approximately linearly with L 2 for L 2 exceeding 50 dB SPL.
DPOAE and SFOAE results in
As described in Sec. III C, SFOAEs were measured by a second protocol in which L 1 was fixed at a high level and L 2 was varied from low levels up to 5 dB below L 1 . As described in Sec. II, this fixed-L 1 protocol was anticipated to be useful in measuring the total SFOAE I/O function. The results were unexpected insofar as recordings in many subjects were contaminated by high levels of on-band noise, which precluded the ability to measure a detectable SFOAE. A comparison recorded in two subjects is shown in Fig. 11 for SFOAEs at 2000 Hz recorded with the equal-level and the fixed-L 1 protocols. The left panel shows fixed-L 1 responses recorded with L 1 ϭ65 dB SPL, while the right panel shows analogous responses recorded with L 1 ϭ70 dB SPL. The equal-level SFOAE responses for a given subject are identical on left and right panels to facilitate comparison. The expected pattern of results was obtained for the ear of subject L03 ͑bottom panels͒, in which the SFOAE for the equallevel protocol had a higher threshold relative to the on-band noise than did the SFOAE for the fixed-L 1 protocol. These results are consistent with the measurement theory described in Sec. II in that the fixed-L 1 protocol allows the measurement of a lower level SFOAE response. This is because the on-band noise is similarly low for both protocols. As expected from the measurement theory, the fixed-L 1 SFOAE I/O function for subject L03 ͑bottom left panel of Fig. 11͒ is similar to the total SFOAE I/O function predicted based on the equal-level protocol ͑the SF2000 dashed-line curve in Fig. 9͒ .
An example of the unexpected class of results is shown for subject L02 ͑top panels͒. The SFOAE response measured with the equal-level protocol was similar to that of subject L03, but the SFOAE response measured with the fixed-L 1 protocol had high on-band noise for all L 2 levels. Thus, the SFOAE threshold for the fixed-L 1 protocol was constrained by the noise to be approximately 50 dB SPL when L 1 was FIG. 10 . Means and standard deviations for distortion ͑circles͒, on-band noise ͑squares͒, and off-band noise ͑triangles͒ as a function of L 2 for DPOAEs ͑top row͒ and select SFOAEs ͑bottom row͒ for a population of nine normal-hearing right ears. On-band and off-band noise levels were essentially constant and equal over all L 2 levels in the DPOAE conditions. Similarly, the SFOAE off-band noise level was nearly constant with L 2 except for a slight growth of approximately 7 dB in SF2000 and SF4000 at the highest L 2 levels. However, the on-band SFOAE noise SPL increased approximately linearly with L 2 for L 2 exceeding 50 dB SPL.
fixed at 65 dB SPL ͑left upper panel͒, and the threshold was approximately 65 dB SPL when L 1 was fixed at 70 dB SPL. The presentation of the fixed high-level L 1 tone at 65-70 dB SPL created a high, signal-dependent noise that obscured the ability to detect the SFOAE increment produced by the addition of the L 2 tone until L 2 became sufficiently large to boost the joint presentation of L 1 and L 2 above the noise floor. For example, for the conditions that L 1 ϭ70 dB and L 2 ϭ65 dB, their joint level was L 12 ϭ71.2 dB SPL, corresponding to an increment of 1.2 dB above the level of the fixed ''pedestal'' tone L 1 . Such a level of cochlear variability may be sufficient to influence intensity encoding by auditory-nerve fibers and in behavioral experiments on intensity discrimination, but only in subjects with elevated onband SFOAE noise. This level of cochlear variability may also be observable in mechanical measurements of BM motion.
The two protocols led to similar results within both subjects between the fixed-L 1 and equal-level protocols when the stimulus levels were similar-e.g., the fixed-L 1 protocol at L 1 ϭ65 dB ͑left panels͒ had its highest L 2 at 60 dB SPL. It would be expected that this SFOAE response should be close to the equal-level responses at L 1 ϭL 2 ϭ60 or L 1 ϭL 2 ϭ65 dB SPL. This was the observed pattern.
A first conclusion is that the source of signal-dependent noise lies either within the cochlea or the middle ear, because there is no corresponding off-band noise that can be attributed to environmental or general physiological functioning such as circulation or respiration. It would appear less likely that the middle ear was the source of the on-band SFOAE noise based on the observation that there was no corresponding elevation of on-band noise in DPOAE recordings. Because the DPOAE component was in a distinct frequency bin from either of the primary stimuli, any noise added to the primary stimuli by a source within the middle ear would have also resulted in added noise to the DPOAE that these primaries produced. However, it is possible that on-band DPOAE noise was not observed because it was below the system noise floor of approximately Ϫ20 dB SPL. An increase in on-band DPOAE noise relative to off-band noise levels might be revealed in future studies if more averaging were performed to further reduce the off-band noise floor. A more complete theory would need to take into account the influence of BM compression on the relative forwardtransmitted levels of the primary signal and its noise, and the relative reverse-transmitted levels of the OAE and its noise, in combination with the noise source properties assumed for the middle ear and/or cochlea. A potential source of signaldependent noise includes fluctuations in the transmission pathway between ear canal and tonotopic place that is not synchronous with the repetitive signal averaging. This might include fluctuations in the stapedius muscle tension within the middle ear, or fluctuations in the medial olivocochlear ͑MOC͒ efferent feedback to the OHCs in the cochlea. A second conclusion is that the noise effects would be transmitted to the cochlea even if the noise source were found to lie within the middle ear.
It also is not likely due to inadequate cancellation of ''ringing'' in the cochlea. The concern is that the single buffer discarded in each of responses to the five repetitions of stimuli s 1 , s 2 , and s 12 may have been too short to eliminate cochlear transients ͑i.e., the ringing͒ evoked when the stimulus changed from s 1 to s 2 , s 2 to s 12 , or s 12 to s 1 ͑as described in Sec. III B͒. There are two pieces of evidence to support the conclusion that this ringing was negligible. First, Keefe et al. ͑2003͒ presented data demonstrating an increase in on-band noise relative to off-band noise in transient SFOAE responses measured in normal-hearing ears. A 400-ms transient in the stimulus was followed by 600 ms of silence in each of the s 1 , s 2 , and s 12 buffers, so that the duration of each was 1000 ms. Because the 600 ms of silence provided sufficient delay for any cochlear ringing to subside, the observed increase in on-band noise was unlikely to have been associated with cochlear ringing. Second, additional responses in this study were obtained in the IEC 711 coupler and in the first author's right ear for the SF1000, SF2000, and SF4000 conditions with four different analysis conditions: ͑1͒ eight repetitions of the stimulus per interval s 1 , s 2 , and s 12 , with the first four repetitions discarded and the last four repetitions averaged for further analysis; ͑2͒ seven repetitions and three of the initial repetitions discarded; ͑3͒ six repetitions and two discards; and ͑4͒ five repetitions and one discard. The last condition was the same method used in the remainder of this report. In each case, the last four repetitions were used in the final averages. Each repetition had a duration of 23 ms so that in the first condition, the initial 92 ms ͑i.e., four of eight repetitions͒ of each response was discarded. If the level-dependent increase in on-band noise observed in normal-hearing ears was due to inadequate cancellation of ringing, then the noise should decrease as the number of repetitions and discards increases. Results in Fig.  12 show that there was no increase in on-band noise as a function of L 2 across analysis conditions in the coupler, except at the highest L 2 in the 2000 Hz condition. There was a level-dependent increase in on-band noise in the subject's ear in every analysis condition, and there did not appear to be a systematic change as a function of analysis condition. Thus, no effects were observed that could be attributed to cochlear ringing.
These findings concerning on-band SFOAE noise suggest that a source of signal-dependent variability exists in cochlear mechanics at relatively high stimulus levels. Variability has apparently not been reported in other reports of OAE measurements or mechanical measurements of BM motion, nor has it been considered in models of cochlear mechanics. There is internal variability associated with auditory-nerve firing, such that the identical input leads to differing sequences of nerve spikes ͑e.g., Teich and Khanna, 1985͒, but external mechanical variability in the input to these inner hair cell fibers might also contribute to the total variability. Such a mechanical source of variability would be expected to lead to correlations between adjacent auditorynerve fibers. There is a report of low correlation between adjacent auditory-nerve fibers in cat ͑Johnson and Kiang, 1976͒, in which stimulus levels ranged from 25-95 dB SPL. They stated: ''Whatever correlations exist for the tonestimulated activity can be attributed to the fact that there is a common stimulus.'' Any mechanical variability would act as FIG. 12 . Distortion ͑filled symbols͒ and on-band noise ͑open symbols͒ in an example normal-hearing subject ͑top row͒ and the coupler ͑bottom row͒ at SFOAE frequencies of 1000 Hz ͑left column͒, 2000 Hz ͑middle column͒, and 4000 Hz ͑right column͒ using four different analysis conditions. For example, in the 8 reps/4 discards condition, there were eight repetitions of the stimulus in each interval s 1 , s 2 , and s 12 , the first four repetitions were discarded, and responses to the last four repetitions were used in the final average. The purpose is to demonstrate that ͑a͒ the noise does not increase as a function of L 2 in the coupler ͑except at L 2 ϭ85 dB SPL at 2000 Hz͒, whereas the noise increases as a function of L 2 in the normal-hearing ear, and ͑b͒ the noise is not dependent upon the analysis condition for the coupler or the ear. Thus, the level-dependent noise is not likely due to inadequate cancellation of cochlear ringing. such a common stimulus, so that interpretation of the possibility of partially correlated firing patterns remains unclear, and there may also be species differences.
The present results do not allow the apportioning of the elevated on-noise level fluctuations into possible level and phase fluctuations in the input. Any lack of synchrony in the SFOAE would result in an increased noise signal, because the noise was calculated as described in the Appendix as a variance with respect to a time-averaged response.
E. Notched SFOAE IÕO functions
Level-dependent notches in SFOAE I/O functions were observed in some responses, and the notches were found to be repeatable across test sessions separated by 1 month or more. These notches did not occur at the same frequencies or stimulus levels across subjects. Because the effects were not consistent across subjects, the notches did not affect the median SFOAE results described, and had minimal influence on the 25th and 75th percentiles. In some ears, there was rollover at the highest stimulus levels about which it was impossible to conclude whether this was the low side of a notch or an attenuation in SFOAE SPL with increasing stimulus level ͑one minor example is shown in the SF2000 response in Fig.  2͒ .
Notches have been observed in individual responses in animal studies of DPOAEs, for example, in gerbil ͑Norton and Rubel, 1990͒, and in humans ͑Moulin et al., 1992͒. However, there are apparently no published reports of notched SFOAE I/O functions in humans. Several possible mechanisms might account for such notches.
Activation of acoustic reflex might influence measurements of SFOAE I/O functions. However, the acoustic reflex typically is not activated at the low levels at which notches were observed, e.g., 55 dB SPL in Fig. 7 , and if it were activated, it is difficult to understand how a sharp notch would result. If the acoustic reflex is activated, then the change in admittance magnitude should modify the pressure level at the probe microphone, and the actual SPL associated with the stimulus should differ from the expected SPL. The differences in the actual and expected L 1 and L 2 for the SF1000 condition were analyzed for nine of the subjects from the right-ear data set. This frequency was selected because acoustic reflex shifts are large at this frequency ͑Feeney et al., 2003͒. The differences increased slightly with increasing level in a similar manner for all subjects, but the same trend also was observed in the coupler. This indicated that the source of the difference was not biological but rather accounted for in terms of level-dependent effects in the source impedance of the measurement system. Thus, the acoustic reflex does not account for notched SFOAE I/O functions.
The presence of a synchronized spontaneous otoacoustic emission ͑SSOAE͒ at a nearby frequency might influence SFOAE measurements, which might include entrainment effects. Definite statements are not possible because SSOAE measurements were not performed. This mechanism appears unlikely in such cases as shown in Fig. 7 , in which notched I/O functions were observed at multiple frequencies in the same ear and it would appear that such effects would require multiple SSOAEs that all happened to produce a cancellation at roughly the same L 2 level. In addition, the cancellation, or entrainment, of the SFOAE would likely require a SSOAE at a level at least as large as the SFOAE. These SFOAEs had levels near 15 dB SPL, which is fairly large for SSOAEs in humans. Thus, an explanation of the notches based on SSOAEs appears unlikely.
Notches might be attributed to shifts in the fine structure ͑Talmadge, 2003͒. That is, as level increases, the minima might shift to nearby frequencies. When recording at a fixed frequency, as level increases, a minimum might shift to the recording frequency. This possibility cannot be ruled out in the current study because no SFOAE fine-structure responses were measured.
At a phenomenological level, the presence of a notched I/O function can be explained in terms of a sum of two components, each represented by magnitude and phase components. Representing the nonlinear source term by G NL (Q), a SFOAE model incorporating coherent reflection and nonlinear distortion in additive form is obtained by generalizing Eqs. ͑6͒ and ͑7͒
͑9͒
Both terms share the middle-ear filtering associated with M; the potential role of multiple internal reflections is neglected ͑for simplicity͒ in the nonlinear source term. If the coherent reflection emission mechanism is presumed to act at higher stimulus levels at which the cochlear transmission is compressive, a nonlinear apical reflectance would result. Thus, both terms on the right-hand side of the above equation are nonlinear. In addition, any level-dependent action of the MOC system may further influence the generation of SFOAEs. This simple additive model predicts that a notch is produced when the components have opposite phase and comparable magnitude. Such a two-component model provides a reasonable description of the data, including the observation of 180-deg phase shifts ͑Fig. 7͒. The presence of I/O functions without notches is explained by the predominance of one component over the other, or the absence of phase cancellation in the parameter range in which the components are of comparable level. One component is attributed to the coherent reflection model used to describe low-level SFOAEs ͑Zweig and Shera, 1995͒. The other component may be attributed to a nonlinear distortion model of SFOAE generation that becomes important at higher stimulus levels ͑e.g., Brass and Kemp, 1993͒ . A plausible basis for such a model derives from the observation that saturation of the OHC receptor current accounts for two-tone suppression ͑Geisler et al., 1990͒. Such a saturating OHC model can account for notched DPOAE I/O functions, but the model predicts strictly monotonic I/O functions at the fundamental frequency of the OHC receptor potential ͑Lukashkin and Russell, 1998͒. Thus, the saturating OHC model predicts strictly monotonic SFOAE I/O functions. If, however, the input to the OHC has a level-dependent notch at the fundamental frequency, e.g., as produced by a zero in the mechanical motion at the OHC location, the OHC receptor potential would reflect that nonmonotonicity. Some measurements of OHC receptor potentials have such notches. Such a resonant mechanical motion producing a zero might arise from a resonant tectorial membrane motion ͑Allen, 1980; Zwislocki, 1980͒, or from a more general multiple-resonance model of the cochlear partition ͑e.g., Lin and Guinan, 2000͒. Another example of a notched SFOAE I/O function, described in a two-tone suppression paradigm, was reported for a cat using a fixed-level probe condition with a probe frequency of 1800 Hz and a suppressor frequency of 2000 Hz ͑Guinan, 1990͒. Qualitatively similar notched I/O functions have been obtained in human ears with fixed-level suppressors at frequencies slightly different than the probe frequency ͑Schairer and .
The action of the MOC efferent system might also be involved in the observed SFOAE I/O functions. The efferent system does suppress DPOAE responses in the moderate stimulus level range. While efferent suppression effects tend to be small, on the order of 2-3 dB for contralateral efferent suppression of DPOAEs in humans using broadband noise at levels below the acoustic reflex level ͑Moulin et al., 1992͒, large-amplitude SFOAEs in cats are generated by electrical stimulation of the MOC efferent system in cats ͑Guinan, 1990͒. Guinan points out that a continuous-tone protocol to measure SFOAEs may produce significant activation of the efferent system so that the resulting SFOAEs may include both suppressive and efferent contributions. This may provide an alternative pair of components contributing to the creation of notched SFOAE I/O functions.
Furthermore, an activation of the MOC efferent system, which has time constants longer than the duration of the elementary stimulus buffer ͑23.2 ms͒, is a potential source of the signal-dependent source of variability in SFOAEs at high stimulus levels. Unlike OHC activity, the efferent system cannot track the signal on a cycle-by-cycle basis so that there are possibilities for longer-term fluctuations. Because efferents produce suppression, the presence of any efferent fluctuations might influence the level of the traveling wave and thus the level of the coherently reflected SFOAE.
The present data suggest that the explanation of SFOAE generation at moderate and high levels in the human ear may involve a two-component model. The shift in phase that occurs in the same region as the level-dependent notch supports this type of model.
VI. CONCLUSIONS
In general, the measured SFOAE and DPOAE I/O functions recorded were consistent with functions reported in the literature. SFOAEs were recorded across a wider stimulus range, and in a larger number of normal-hearing ears than in previous reports. SFOAEs were elicited with equal-level ͑0 to 85 dB SPL͒ and equal-frequency ͑half octaves between 500 and 8000 Hz͒ primaries. SFOAEs at 500 Hz were contaminated by high biological noise levels, and at 8000 Hz by excessive system distortion at moderate to high stimulus levels. For the remaining conditions, responses recorded in a test cavity revealed an increased system distortion at higher stimulus levels for SFOAEs; responses in ears with cochlear implants suggested sources of biological and/or system distortion that cannot be accounted for in terms of the OHC mechanism producing SFOAEs in normal-hearing ears. SFOAE I/O functions have larger absolute levels, but smaller SNRs, in comparison to DPOAE I/O functions, particularly at higher stimulus levels, and are less compressive than DPOAE I/O functions. The measured I/O functions were fitted using a two-slope model that estimated the breakpoint of cochlear nonlinearity, the compressive slope, and the roundtrip attenuation of the low-level SFOAE relative to the stimulus level. An increase in biological noise with increases in stimulus level was present only at the frequency of the SFOAE response, but not in DPOAE responses, and no increase was observed at adjacent frequencies. This finding suggests the presence of variability in cochlear mechanics at higher stimulus levels. Hypotheses regarding the potential effects of such a noise source at the level of cochlear encoding may be testable for mechanical measurements of basilarmembrane motion, auditory-nerve fiber recordings, and behavioral studies of intensity discrimination. This increased biological noise contaminated fixed-level primary conditions in some measurements of SFOAEs, with increased noise present at all points across the I/O function. Finally, leveldependent notches were observed in some individual SFOAE I/O functions. This finding suggests the interference of two sources of SFOAE generation, for which the second source may involve nonlinear distortion on the BM or activation of the MOC efferent system. This total SPL is used within the program to calibrate the levels of each of the stimuli p 1 , p 2 , and p 12 , and a similar relation is obtained for the total noise SPL. The relevant property of calculating OAE noise using Eqs. ͑A4͒ and ͑A6͒ is that it is an ensemble average over M ϭ32 independent buffers so that random errors in estimating noise diminish as 1/ͱM . This is contrasted with algorithms to estimate noise at the OAE frequency based on the use of two independent ensembles (M ϭ2), or algorithms that estimate the noise at the OAE frequency by averaging over frequency bins adjacent to the signal frequency. The former method has a small M so that the random error in estimating the noise is large. The latter method assumes that the noise at the OAE frequency is identical to the noise in adjacent bins, an assumption that is tested in the Results section and found to be true for DPOAEs but sometimes false for SFOAEs. The reduction of the random error by M ϭ32 is observable in the smooth variation of the noise SPL in an individual SFOAE response such as Fig. 5 . This figure also shows the elevation in the noise at the frequency of the SFOAE. The ability to detect such a change in noise level in the SFOAE bin depends on controlling the random errors in estimating noise at all frequencies.
͉͗
As a practical manner in acquiring these data, each of the 32 repetitions was actually a time average of four valid buffers. The resulting number of buffers in the time average was N Tot ϭ128 responses while the number of averages in calculating the variance, and hence the noise, was 32 responses. The ensemble-averaged noise level is determined by N Tot , while the variability in this noise estimate is reduced for fixed N Tot by increasing M.
